Primary organic aerosol (POA) and associated vapors can play an important role in determining the formation and properties of secondary organic aerosol (SOA). If SOA and POA are miscible, POA will significantly enhance SOA formation and some POA vapor will incorporate into SOA particles. When the two are not miscible, condensation of SOA on POA particles forms particles with complex morphology. In addition, POA vapor can adsorb to the surface of SOA particles increasing their mass and affecting their evaporation rates. To gain insight into SOA/POA interactions we present a detailed experimental investigation of the morphologies of SOA particles formed during ozonolysis of α-pinene in the presence of dioctyl phthalate (DOP) particles, serving as a simplified model of hydrophobic POA, using a single-particle mass spectrometer. Ultraviolet laser depth-profiling experiments were used to characterize two different types of mixed SOA/DOP particles: those formed by condensation of the oxidized α-pinene products on size-selected DOP particles and by condensation of DOP on sizeselected α-pinene SOA particles. The results show that the hydrophilic SOA and hydrophobic DOP do not mix but instead form layered phases. In addition, an examination of homogeneously nucleated SOA particles formed in the presence of DOP vapor shows them to have an adsorbed DOP coating layer that is ∼4 nm thick and carries 12% of the particles mass. These results may have implications for SOA formation and behavior in the atmosphere, where numerous organic compounds with various volatilities and different polarities are present.
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secondary organic aerosol | single-particle mass spectrometry | morphology A nthropogenic aerosol particles in large urban areas are implicated in air quality and health-related problems and are a source of significant uncertainty in our current understanding of climate change at regional and global scales (1) . Recent field studies indicate that organic aerosols (OA) constitute anywhere between 20 and 90% of the total dry fine particulate mass (2) . Secondary organic aerosol (SOA), generated from the oxidation reaction products of volatile and semivolatile organic compounds (SVOC), is thought to constitute between 64 and 95% of the total OA mass (3). The development of SOA formation models at present represent a major research activity aimed at reconciling the significant differences between field measured SOA concentrations and those predicted by current SOA models in both polluted urban and regional areas (4) . Although a number of attempts have been made to explain this discrepancy, none have yet closed the gap between predicted and observed SOA concentrations (4) (5) (6) .
SOA formation can be enhanced in the presence of primary organic aerosols (POA) that serve as additional organic mass to absorb greater amounts of oxidized organic molecules, thus lowering their vapor pressures and increasing SOA formation yields. For POA to absorb SOA, a single well-mixed SOA þ POA phase must form. However, Song et al. (7) found that SOA formation during ozonolysis of α-pinene is not enhanced by the presence of aerosols composed of dioctyl phthalate or lubricating oil and inferred that these model POA systems, which are mostly composed of hydrophobic organics, and SOA exist in separate phases in the mixed particles. A recent study (8) provides some indirect evidence that was interpreted to suggest that diesel exhaust particles and biogenic SOA can form a mixed organic phase, while a mixture of SOA particles and POA composed of motor oil and diesel fuel do not mix. Although these indirect methods provide some useful information on the mixing state of POA þ SOA particles, a direct experimental determination of the real morphology of different mixed particles is still required. This type of information would help guide SOA formation models that use empirical fits to laboratory data to calculate yields and partitioning coefficients (4, 5, 9) and have recently incorporated an option to include or exclude phase separation between POA and SOA phases (10) .
We have previously demonstrated a particle depth-profiling technique by using a single-particle mass spectrometer [SPLAT II (11) ] to record the mass spectra (MS) of size-selected aerosol particles at different UV laser powers (12) . Because low laser powers preferentially ablate and ionize surface molecules, this technique makes it possible to identify which compounds are present on the surface and can therefore distinguish between mixed and layered structures. In the present work, this technique is applied to characterize the morphologies of internally mixed particles composed of SOA, formed by the reaction of α-pinene with ozone, which is a common oxidation reaction that produces atmospheric SOA (12) (13) (14) , and the hydrophobic dioctyl phthalate (DOP), which serves here as a simplified proxy for hydrophobic organic POA. By using DOP this study builds on the work of Song et al. (7) to provide a simple starting point for understanding the interactions of hydrophobic organics with multicomponent hydrophilic SOA. It is further notable that DOP is a good model system for the hydrophobic species that comprise urban anthropogenic POA (13) . By generating and characterizing both SOA-coated DOP and DOP-coated SOA particles at low UV laser power (where the preference for surface ionization is most evident), we show that these internally mixed particles have distinct separate phases, indicating that the hydrophilic SOA does not mix with the hydrophobic DOP.
Furthermore, we show that it is important to consider the effect(s) of insoluble gas-phase organic compounds on SOA particles. Organic vapor adsorption onto ambient particles is a rather well-known mechanism of gas-particle partitioning that is most commonly described using Junge-Pankow adsorption model (14, 15) . This process is responsible, for example, for the uptake and long-range transport of toxic persistent organic pollutants. Current SOA models, however, focus primarily on the process of absorption and mixing states of the different phases in the aerosol (6) . In this context, we present detailed measurements of the composition and morphology of SOA particles formed by homogeneous nucleation in the presence of DOP vapor that indicate that these 158 nm particles are encapsulated by a ∼4 nm thick layer of surface-adsorbed DOP. In addition, we find that SOA particles briefly exposed to DOP vapor after their formation and growth acquire a thinner DOP coat that is about a monolayer thick. This provides direct experimental verification that DOP, an SVOC, is adsorbed on the SOA particle surface and should be considered. We further conclude that whether SOA forms by homogeneous nucleation or by condensation on DOP particles, it acquires a thin DOP coat and can exist in metastable, layered phases. The observation of adsorption during SOA formation could have important ramifications for understanding the behavior of SOA and, in general, for bridging the gap between experiments and simulations of SOA formation and behavior in the atmosphere.
Results and Discussion
The Morphology of SOA-Coated NaCl Particles and the Phase of α-Pinene SOA. In previous studies of particle morphologies using SPLAT II, dry NaCl particles were coated by either pyrene or DOP (12) . Pyrene [solid at room temperature (RT)] and DOP (liquid at RT) are both hydrophobic substances and do not mix with the insoluble NaCl core. Also, pyrene and DOP, like NaCl, have a high propensity to form ions by UV-laser ablation, and importantly, the simplicity of the NaCl mass spectral signature makes it possible to unambiguously track the NaCl MS signals over all laser powers despite the fact that the organic molecule MS are complex and highly dependent on laser power (16) . At lower laser power the MS signals are dominated by the surface molecules, while at high laser power the particle is almost completely ablated and ionized and the core is observable (12). Thus, it is possible to determine which substance is on the surface and even whether the coating covers the entire particle surface using this technique.
We first consider the morphology of NaCl particles coated with oxidation products from the ozonolysis of α-pinene. This set of measurements provides the means to determine the SOA phase and yields direct information on the efficacy of the depth-profiling technique as applied to the organics that comprise SOA. SOA formed by α-pinene oxidation with ozone contains a mixture of polar organics [mostly acids (17, 18) ], which NaCl may be slightly soluble in, as has been observed for mixed OA-NaNO 3 particles (19) . In the set of experiments whose results are presented in Figs. 1-3, dry, size-selected NaCl particles with mobility diameter of 200 nm (d m ) were introduced into a Teflon bag into which α-pinene and ozone were added. The oxidized reaction products can either condense on the NaCl particles or form new particles by homogeneous nucleation. The particle mobility size distributions as a function of reaction time are shown in Fig. 1 . Before the reaction starts at (t ¼ 0) the bag contains only NaCl particles, most of which are 200 nm in diameter. Two additional small peaks at 280 nm and 321 nm correspond to dimers and doubly charged NaCl particles, respectively, as marked. Six minutes after the reaction, homogeneous SOA nucleation leads to a new peak at 80 nm, and as the NaCl particles are coated their diameter increases. After 75 min, the diameter of the SOA-coated NaCl particles stabilizes at 360 nm, which corresponds to an 80 nm thick coat of SOA. It is clear from Fig. 1 that the homogeneously nucleated SOA particles can easily be separated from SOAcoated NaCl particles.
We used a differential mobility analyzer (DMA) to select SOA-coated NaCl particles at d m ¼ 360 nm and SPLAT II (11) to measure their vacuum aerodynamic size (d va ) distributions and MS. The d va size distributions of coated NaCl particles and uncoated NaCl particles are shown in Fig. 2 . The d va distribution of the uncoated NaCl particles is broad and asymmetric indicating that they are aspherical (20) . The distribution of the coated particles is narrow (FWHM 5%) and symmetric, indicating that the coated particles are spherical (20) . The mean d va of the coated particles is 477 nm, yielding a density of 1.33 g cm −3 , consistent with SOA density of 1.21 g cm −3 (20) and a dynamic shape factor of 1.08 for the dry NaCl (12) . We have previously shown that SOA particles formed by α-pinene oxidation with ozone are spherical and noted that they could be solid spheres (20) . The observation that coating aspherical NaCl particles by SOA results in spherical particles strongly suggests that the mixture of organics that comprise this SOA is liquid.
We used depth-profiling to determine the morphology of the coated NaCl particles by recording the MS of the coated particles with different laser powers. While the SOA MS are complex, mass peaks characteristic of NaCl, observed at m∕z of 23 (Na þ ), 46 (Na þ 2 ), 81 (Na 2 Cl þ ), and 139 (Na 3 Cl þ 2 ), are easily distinguished from MS signals corresponding to SOA. The relative intensities of the NaCl and SOA mass peaks from the SOAcoated NaCl particles are shown as a function of laser power in Fig. 3 . At low laser power, the NaCl signal is much lower than the SOA signal, and as the power increases, the relative NaCl signal increases. Based on the acquired MS of pure NaCl and SOA particles as function of laser power, we determine that the NaCl and SOA particles have similar ablation-ionization thresholds and ion signal power dependence and conclude that the differences in NaCl-to-SOA signal ratios as laser power increases are due primarily to the particle morphology. The intensity pattern in Fig. 3 is typical of what we have seen before for coated NaCl particles in the depth-profiling studies and shows that SOA is on the particle surface.
From Fig. 3 it is clear that significant NaCl signal is present even at the lowest laser power (relative intensity of 0.32), in contrast to previous experiments of NaCl particles coated with DOP. This behavior most likely indicates that NaCl is slightly soluble in the hydrophilic SOA, although it is possible that the low ionization cross section of the SOA material means that some UV photons can reach the particle core at low laser power. In any case, the depth-profiling experiment conclusively identifies the particle morphology: the SOA relative signal is much higher at low laser power, because the surface molecules are preferentially ablated and ionized.
DOP/SOA and SOA/DOP Particles. The morphology of internally mixed DOP/SOA particles is of interest because of their relevance to OA in the atmosphere. The question we address here is whether the mixture of hydrophilic compounds that constitutes α-pinene SOA dissolves in DOP, or form instead layered particles composed of separate phases.
We first note that an important requirement of the depthprofiling technique is the ability to use MS to distinguish the relevant chemical compositions in the particles. While this is straightforward for the NaCl/SOA system (vide supra), several complicating factors arise in mixed organic particles. These are illustrated in Fig. 4 , which shows the MS of pure SOA and DOP at low (Fig. 4 A and B) and intermediate ( Fig. 4 C and  D) laser powers. The MS pattern of each species is dependent on the UV laser power, with higher laser power resulting in greater fragmentation and yielding more low-mass ions. Despite the complications, it is possible to identify some mass peaks characteristic of DOP and SOA, as indicated in Fig. 4 in red and green, respectively. The specified mass peaks can be used to distinguish chemical compositions in internally mixed DOP/SOA particles. A close inspection shows that many peaks characteristic of SOA are also observed, albeit in lower intensity, in the DOP MS (e.g., m∕z 83), demonstrating the need for background subtraction when analyzing the MS of mixed particles.
A depth-profiling experiment on the DOP/SOA particles like that presented in Fig. 3 for SOA/NaCl particles would entail analyzing the changes in MS intensities as a function of laser power. For the DOP/SOA particles, such an analysis is complicated by the large changes in MS at different laser power and the fact that many low-mass ions, dominant in the MS at high laser power, are the same for both compounds. It is possible, however, to circumvent these problems by generating particles of two opposite morphologies: one with SOA-coated DOP and the other with DOP-coated SOA. The former can be produced by oxidizing α-pinene with ozone in the presence of the size-selected DOP particles and the latter generated by passing pure size-selected SOA particles, formed in a clean, DOP-free bag, over heated DOP. If SOA and DOP form a homogeneous single phase, the relative MS intensities at any given laser power should be independent of particle type and instead reflect only concentrations. If on the other hand the two substances are immiscible and form separate phases within particles with opposite morphologies, a comparison between their low laser-power MS should provide a clear indication of layered morphology. Since only one of these two morphological forms can be thermodynamically stable, we must consider the possibility that they might equilibrate before the MS are recorded and would yield virtually identical MS.
The MS of these two particle types, recorded at 300 μJ∕pulse, are shown in Fig. 5 A and B. Fig. 5A is of particles composed of 29% DOP and 71% SOA generated by coating 195 nm DOP particles with a 50 nm layer of SOA. Fig. 5B is of particles composed of 48% SOA and 52% DOP formed by coating 140 nm SOA particles with a 20 nm layer of DOP. The MS in Fig. 5 clearly show that the substance on the particle surface exhibits higher intensity (to a much greater degree than could be explained simply by the relative compositions), and moreover, the relative SOA/DOP intensity pattern remains stable for many hours. Thus, these data provide evidence that SOA is not miscible in DOP and that the particles are structured in separate, layered phases. The fact that the two different particle morphologies remain stable for a number of hours indicates that the transformation to the thermodynamically stable form is very slow, on an atmospherically relevant timescale. Fig. 6 provides, in bar graph form, a summary of the data extracted from Fig. 5 and the results of similar analysis of other pure and internally mixed SOA/DOP particles. Here again, comparison between SOA-coated DOP and two types of DOP-coated SOA particles shows that the surface material exhibits higher MS intensity.
As with the NaCl/SOA particles, when SOA is generated in the presence of DOP particles a significant fraction of the oxidized organics form SOA particles by homogeneous nucleation, except that in this case they nucleate and grow in the presence of gas-phase DOP (HN-SOA-GDOP). From Fig. 6 , the MS of these SOA particles exhibit strong intensity in the DOP signal. Moreover, a comparison between the MS of HN-SOA-GDOP and the MS of SOA-coated DOP particles shows that at 300 μJ∕pulse the former has higher DOP intensity. In other words, the data demonstrate that when SOA particles form and grow in the presence of gas-phase DOP, which must be present in the Teflon bag at a vapor pressure of 1.25 × 10 −7 Torr or less (21), they adsorb a significant amount of DOP.
To help estimate the thickness of the DOP coat acquired by the SOA particles formed by homogeneous nucleation in the presence of the gas-phase DOP (HN-SOA-GDOP), we generated SOA particles in the absence of DOP and passed these pure SOA particles over DOP at RT. As expected, these SOA particles are coated with a DOP layer that is too thin to be unambiguously observed as a change in d m or d va but is easily detected in the MS, especially at very low laser power. This thinly coated particle type (labeled SOA-ML-DOP) offers an additional data point that is used to develop a consistent scale of SOA/DOP MS intensities, in which all the observed coated particle types are included.
We make use of the data observed at all laser powers, which are presented in Fig. 7 in a plot of the ratio of the SOA-to-DOP characteristic MS intensities as a function of laser power for the five types of coated particles used in this study. The data show that the SOA-ML-DOP particles have, as expected, the highest SOA MS signals followed by SOA-coated DOP particles. The data for these SOA-coated DOP particles also show that when the laser power is increased above 500 μJ∕pulse, the relative DOP intensity from SOA-coated DOP particles significantly increases with laser power, suggesting that at these laser powers the DOP core becomes observable. This behavior strongly suggests that the DOP signal observed in these particles at lower power is due to a small amount of surface adsorbed DOP. This means that while the original 195 nm DOP seed remains beneath a thick SOA coat, the SOA-coated DOP particles actually have a thin, but detectable, DOP coat, as illustrated by the cartoons in Figs. 5-7.
Using observations compiled from all particle types at all laser powers, we estimate the unknown DOP coating thicknesses based on the absolute MS intensities, the relative SOA/DOP MS intensities, particle densities, and observed changes in d m and d va . We conclude that the thin DOP coating on the "clean" SOA particle exposed to DOP at RT is approximately a monolayer thick (slightly less than 1 nm). The set of bars labeled SOA-ML-DOP in Fig. 6 show that this class of particles has much lower DOP MS signals as compared to HN-SOA-GDOP. Based on this monolayer estimate, we find that the HN-SOA-GDOP particles are coated with a ∼4 nm thick DOP layer, which is consistent with the fact that they were measured to have a density of 1.19 AE 0.02 g cm −3 as compared with pure SOA particles whose density is 1.21 AE 0.02 g cm −3 . Although 4 nm is a relatively thin layer it is worth noting that it carries ∼12% of the particle mass. A further comparison between all MS at laser powers below 100 μJ indicates that the DOP layer on the SOA-coated DOP particles is only ∼1.5 times that of SOA-ML-DOP particles.
Returning to Fig. 6 , we note that the relative DOP intensity in SOA-coated DOP particles is lower than that observed in HN-SOA-GDOP. A simple explanation is that these particles, whose relative DOP content is about twice that of the HN-SOA-GDOP particles, have most of their DOP underneath a thick SOA coat making it difficult to observe the core at laser powers below 300 μJ∕pulse.
Discussion. Depth-profiling of SOA-coated NaCl particles indicate that SOA-coated NaCl particles are spherical and that NaCl is slightly soluble in SOA. Further, the line-shape of the d va size distribution indicates that the chemical mixture that constitutes this SOA is in the liquid phase. The experimental results for the internally mixed SOA/DOP particles (both the MS and density data), summarized in Fig. 6 , demonstrate that these two organics are immiscible and thus form layered particles. Despite the complexities arising from overlap in mass signals from the two organic molecules, and the extensive size-and composition-dependent fragmentation at high UV laser power, sharp contrasts between the results for well-defined, monodisperse SOA-coated DOP and DOP-coated SOA particles show that the coating molecules are on the surface while the seed remains in the particle interior. The finding that mixed OA may form layered rather than single-phase mixed particles signifies the need to consider the POA properties when modeling SOA/POA interactions.
Furthermore, it is important to note that at least one of the layered particles morphologies is metastable. Based on the expected diffusion rates, these particles would be expected to transform to the most stable morphology within seconds. While we did not investigate the timescales required for the particles to reach equilibrium, it is clear that the metastable phase separation persists on the order of many hours, which is long enough to be important for consideration in atmospheric aerosol models.
The present experiments clearly show that SOA condenses onto hydrophobic compounds. But, the present study also shows that as SOA forms, whether by homogeneous nucleation or by condensation onto DOP particles, it acquires a coating of DOP by surface adsorption from the gas phase. In other words, the HN-SOA-DOP and SOA-coated DOP particle types exist in layered states. Thus, we provide direct experimental evidence that insoluble molecules like DOP can affect SOA particles through surface adsorption (14, 15) . This is relevant to atmospheric aerosols, because a potentially large number of hydrophobic organic molecules are present in the atmosphere and, similar to DOP, could play a role in determining the properties of SOA particles. Such an organic coating can add to the particle mass and eventual fate, by slowing evaporation and thereby impacting the gas-particle partitioning. Indeed, this would be similar to the process by which thin SOA coatings increase the water retention of NaNO 3 particles, discussed recently by Zelenyuk et al (22) . Cappa et al (19) showed that homogeneously mixed organic particles do not follow ideal or near-ideal solution-vapor pressure laws, and we note here that, on an atmospherically relevant timescale, surface coatings and phase separations observed in all DOP/SOA particle types in this study may cause deviations from what was assumed to be a well-mixed system. In addition, previous studies of OA-coated particles have shown that heterogeneous aerosol reactions (e.g., involving N 2 O 5 ) are slowed by thin organic coatings on particles (23, 24) . An organic coat like DOP could also protect SOA from heterogeneous chemistry with, for example, OH or O 3 .
A final remark is that many questions naturally arise from our observation that insoluble organic compounds can coat SOA during and after particle formation: How much is adsorbed? We have shown that surface interaction alone can result in a ∼4 nm thick coat, or ∼15% of the SOA volume from a single compound, but is this typical? What happens when there are many insoluble organics present? And how does this coat affect the SOA properties? These questions open new routes for investigation.
Conclusions
We investigated the morphology of internally mixed particles containing SOA from the O 3 oxidation of α-pinene using a laser ablation single-particle mass spectrometer. The densities and asphericities, deduced from the d va , help infer the particle shapes, and UV-laser depth-profiling identifies which molecules are on Fig. 7 . The ratio of the SOA/DOP characteristic mass spectral peak intensities as a function of laser power for different particle types.
the particle surface and which are in the interior. This methodology was first applied to SOA-coated NaCl particles. The results show that the SOA forms an exterior, liquid coating in which some NaCl is partially dissolved.
We used this technique to answer fundamental questions about the morphology of mixed organic particles containing DOP, a hydrophobic organic compound used in this work as a representative of hydrophobic POA and the hydrophilic mixture of chemicals in α-pinene SOA. By comparing and contrasting the MS intensities for SOA-coated DOP and DOP-coated SOA particles, we demonstrate that the two organic phases are separate. Observing these two morphologies for hours indicates that transformation of either of these to the thermodynamically stable form is slow. We have also observed that SOA particles exposed to DOP vapor and SOA coated onto DOP seeds both acquire a thin coat of DOP. When SOA particles homogeneously nucleate in the presence of DOP vapor, the formed particles have a ∼4 nm DOP coat. The finding that DOP tends to adsorb to SOA is surprising and may potentially have important relevance to OA in the atmosphere, where many insoluble compounds may be present. The thin outer coating of nonoxidized organic molecules could affect SOA evaporation rates and protect it from heterogeneous chemistry with OH or O 3 .
Materials and Methods
Particle Generation and Formation. Pure and SOA-coated NaCl and DOP particles. NaCl particles were generated by atomization from a 0.5 M aqueous solution and dried with two diffusion driers, and 200 nm particles were selected with a DMA and loaded into the 100 L Teflon bag. DOP particles were generated by homogeneous nucleation of supersaturated DOP vapor during transport from the glass tube with heated neat DOP to a RT environment and size-selected (at 195 nm) with a DMA. SOA was generated by introducing 200 ppb of α-pinene and ∼500 ppb of O 3 to a 100 L Teflon bag. ∼250 ppm of cyclohexane was used as an OH scavenger. The gas-phase α-pinene reacted with O 3 and in the absence of seed particles, the oxidized organics formed SOA particles by homogeneous nucleation. In the presence of preexisting seed particles (NaCl or DOP) some of the oxidized organics condensed on the size-selected seed particles. The size distributions of particles in the reaction bag were monitored with a scanning mobility particle sizer. Coating thickness on seed particles was controlled by empirically selecting the concentrations of α-pinene and seed particles.
DOP-coated SOA particles. SOA particles were generated as described above and size-selected with a clean DMA and then passed over neat DOP. The size distribution of the SOA particles was monitored with a second DMA. At RT, the particles adsorbed a small amount of DOP, but not enough to detect a change in mobility diameter. The DOP was heated to ∼75-80°C to create supersaturated vapor through which the SOA particles passed. No change in SOA particle diameter was observed at DOP temperatures below ∼75°C, indicating that SOA did not evaporate significantly. Above 75°C the SOA particles adsorbed DOP, and the coating thickness was controlled by changing the DOP temperature.
Measurements of Particle Compositions and Vacuum Aerodynamic Diameter.
Particles were size-selected with a DMA and sampled by SPLAT II, our single-particle mass spectrometer, which has been previously described in detail in other publications (11, 16) . Briefly, the individual particle d va is determined by measuring its velocity. By measuring the position and the line-width of the d va distribution of DMA classified particles we obtain their densities or effective densities and determine whether they are spherical (20) . Individual particles are ionized via ablation by an excimer laser (ArF, 193 nm) with 12 ns pulse duration and a focal spot that is ∼300 μm in diameter. For the depthprofiling experiments, the laser power was varied between 50 to over 1,000 μJ. MS were obtained using an angular reflectron time-of-flight mass spectrometer (R. M. Jordan, Inc., model D-850). Each data point presented here represents the analysis of ∼500-1; 000 individual particle MS.
